Giant spin Hall conductivity in platinum at room temperature 
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We have demonstrated the electrical generation and detection of spin polarization by the spin Hall 
effect (SHE) in platinum. The experiment was performed in a non-local geometry without the use 
of ferromagnetic materials or magnetic field. We designed a circuit that uses the SHE to convert a 
charge current to a spin current, and the inverse SHE to convert the spin current back into a charge 
signal. The experiments were carried out for temperatures from 10 K up to 290 K. We extracted 
the spin Hall conductivity and spin diffusion length from the data with the aid of a spin diffusion 
model, and found the values of 1.1 xlO*" fi^^m^^ and 80 nm, respectively, at 290 K. The spin Hall 
conductivity is two orders of magnitudes larger than the previous record of3.3x 10'* Jl~^m~*. This 
observation may have many potential applications in spintronics devices. 

PACS numbers: 72.25.Ba, 72.25.Hg, 72.25.Rb, 73.23.-b, 85.35.-p 



The spin Hall effect (SHE) refers to the non- 
equilibrium spin accumulation near sample boundaries 
when an electrical current is applied. The spin accumu- 
lation is a result of the spin-orbit induced spin separation 
of electrons in the direction transverse to the applied cur- 
rent. The effect was first proposed by D'yakonov and 
Perel' in 1971 and rediscovered by Hirsch in 1999 [1]. 
From a technical point of view, SHE is noteworthy be- 
cause it can be used to generate spin currents with 100% 
spin polarization. In addition, its reciprocal effect, the 
inverse SHE, can be used to detect spin-polarized cur- 
rents. The unique ability to generate and detect spin 
polarization in a non-ferromagnetic material gives rise 
to new possibilities for integrating this technology with 
existing or novel spintronics devices [2, 3]. 

Experimental studies and theoretical calculations have 
shown that SHE in metals are robust against disorder 
and have larger spin Hall conductivity (SHC) than their 
semiconductor counterparts [4-8]. Early studies of the 
SHE in An, Al and Pt have revealed that the SHC in Ft 
is significantly larger than in these other metals [9] . Sub- 
sequent theoretical studies [5] and experimental results 
[6] provided corroborating evidence that Ft has one of 
the largest SHC among the metals at room temperature. 
This distinctive feature makes Ft a promising candidate 
for spintronics applications. 

The current experimental techniques for measuring the 
metallic SHE are current injection from a ferromagnet 
[6, 7] and ferromagnetic resonance- induced spin pump- 
ing [8]. Both methods have drawbacks because they re- 
quire ferromagnetic contacts to generate and/or detect 
spin-polarized electrons. The ferromagnetic contacts in- 
duce an inhomogeneous stray field which accelerates the 
dephasing of the spin [10]. Furthermore, the ferromag- 
netic contacts absorb the spin polarization and suppress 



the spin accumulation in the metal [11]. To understand 
the underlying SHE mechanism, it is critical to have a 
proper characterization technique without any spurious 
influence. We used an all-electrical non-local technique 
with a "double H" geometry, which is reported in a earlier 
publication by the authors [9], to characterize the SHE. 
Our technique does not require any magnetic materials or 
magnetic fields, and thus offers a radically different way 
to study the SHE. The "double H" device is made up of 
three parallel conductors separated by a distance L and 
a bridging conductor, as shown in Fig. 1. Samples with 
different L, where 80 nm < L < 450 nm, were sputtered 
to thickness t = 50 nm concurrently to minimize dif- 
ferences in the thickness and the microscopic structures. 
The width w of the conductor is 200 nm. 

The basic concept behind the design is as follows (See 
Fig. 1). First, a charge current Jy is applied in the middle 
vertical conductor and a transverse spin current J| is 
generated due to the SHE. The transverse current carries 
electrons away from the middle Hall cross and along the 
bridging conductor. In steady state, a counter current of 
opposite spin electrons ensures that there is only a pure 
spin current and no net electric current flowing in 
the x-direction. As the spin-up and spin-down electrons 
move in opposite directions, both spin species are now 
scattered to the same side of the conductor. At steady 
state, a charge imbalance builds up that compensate for 
the spin current. This spin Hall voltage V^h is observed 
in the adjacent Hall arm. This "double H" geometry 
is also studied by two other groups [12, 13], and they 
both concluded that the lateral circuit is suitable for the 
investigation of the SHE. 

A three-point current reversal technique, with a syn- 
chronized DC current source and nanovoltmeter, is used 
to eliminate the effect of the thermoelectric voltages from 
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FIG. 1: (color online) (Top) A charge current Jy flows in 
the negative y-direction, leading to a spin separation in the 
transverse a;-direction. The spin imbalance diffuses and, in 
steady state, a counter current of opposite spin electrons en- 
sures that only a pure spin current J% is flowing in the positive 
a;-direction. At the next junction, both spin species are de- 
flected to the same side in the negative y-direction, creating 
a conventional Hall signal across the side arm. The spin Hall 
voltage VsK observed gives rise to an ohmic current in the y- 
direction that compensates for the spin current. The scanning 
electron micrograph of a typical device is shown at the bottom 
left corner of the schematic. (Bottom) Spatial dependence of 
the spin-up and spin-down electrochemical potentials /i and 
spin current Jl along the x-direction. 



the measurements. The representative V-I measure- 
ments at 100 K and 290 K, where L = 200 nm and 
320 nm, is shown in the inset in Fig. 2. One observes 
that the voltage signal increases linearly with the ap- 
plied current, which indicates that the Joule heating has 
no effect on our measurements. We define the spin Hall 
resistance by i?sH = VsYi/ ly where ly is the applied cur- 
rent in the middle vertical conductor. The i?sH values 
for all the samples were determined by a linear fit and 
plotted as a function of the distance L, as shown in the 
main plot in Fig. 2. 

We used a phcnomcnological spin diffusion model to 
describe the SHE and the inverse SHE processes in the 
devices. When a charge current Jy = OyyEy is applied in 
the middle vertical conductor, the SHE induces a trans- 
verse spin current J| = UxyEy in the x-direction, where 
Uxy is the spin Hall conductivity and Uyy is the Drude 
conductivity. Upon eliminating Ey from the equations, 
the spin current at the edge of the Hall cross is expressed 

J% ~ {^Xy/Cfyy)jy. 

As no electrical field is applied in the x-direction, the 
spin transport can be described by a diffusive trans- 
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FIG. 2: (color online) The measurements of spin Hall resis- 
tance i?aH indicate an exponential decay as a function of dis- 
tance L at 100 K and 290 K. The data are fitted to Eq. (1) 
and the spin diffusion length As and spin Hall conductivity a^y 
were determined to be (91 ±15) nm, (1.5 ± 0.3) x 10® r2"^m"^ 
at 100 K and (80 ± 11) nm, (1.1 ± 0.2) x lO" S^^^m"^ at 290 
K. The error bars are in most cases smaller than the symbol, 
and hence error bars are not represented in the graph. The 
deviation of the points from the fit is likely to be caused by 
the microscopic differences among the samples. The represen- 
tative graph of the V-I measurements for L — 200 nm and 
L — 320 nm is shown in the inset. 60 readings were taken for 
each incremental steps in the applied current ly. 

port model. Thus, for x > 0, the spin current 
J^(x) = J|(0) exp (— x/As) takes the usual exponential 
form, where J^(0) is the spin current at the edge of the 
first Hall cross and Ag is the spin diffusion length [14]. 
At the second Hall arm, where x ~ L, the spin current 
J%{x) gives rise to an electrical field Ey{x) = Jx{x)/ayx 
in the y-direction due to the inverse SHE. Using the ear- 
lier definition of i?sH and taking the Onsager reciprocal 
relations Uyx = (Jxy into account, we have 

Using Eq. (1) and a least-square exponential fit of the 
data in Fig. 2, we extracted Ag and a^y at 100 K and 
290 K, as shown in Table I. A standard four-point-probe 
measurement was used to determine ayy at the same tem- 
peratures and the values are presented in Table I. 

The value found for axy at 290 K is two orders of 
magnitudes larger than the previously reported figures 
of 10^ ri~^m^^ [6]. The huge difference in the two sets 
of numbers could be related to the presence of ferromag- 
netic materials in the other experimental setup. Indeed, 
Pt films are likely to be contaminated during the depo- 
sition of the ferromagnets, leading to magnetic impurity 
disorder in the structure. As mentioned earlier, the ferro- 
magnet stray fields reduce the lifetime of the spin current 
[10] and the ferromagnetic contacts also absorb the spin 
polarization [11]. All these effects diminish the value of 
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TABLE I: The values of the spin diffusion length As, the spin 



Hall conductivity a^y, and the Drude conductivity ay 



and a^y are extracted from the data in Fig. 2 with a least- 
square fit to Eq. (f). ayy is determined by standard four- 
point-probe measurements. 
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91 ± 15 


80 ±11 


a^y (10^ 




1.5 ±0.3 


1.1 ± 0.2 


ayy (10« 




3.6 ±0.3 


2.6 ± 0.1 



axy Our value for Ag in Pt is within the experimen- 
tal range of 14 nm measured at 4.2 K [15] in a current- 
perpendicular-to-plane geometry and 120 nm at 5 K [16] 
measured with a current-in-plane lateral spin valve. 

Beside the SHE, another possible explanation for the 
observation of the non-local resistance is related to the 
"leakage" of current flux from the middle vertical con- 
ductor. Such a charge current spreading also leads to an 
exponential decay of the nonlocal resistance [17]. How- 
ever the corresponding "leakage" decay constant would 
be w/tt = 64 nm in our case, significantly lower than our 
measured values of Ag. The charge current spreading ar- 
tifact is thus unlikely to explain our Fig. 2. Furthermore, 
if the non-local resistance is ohmic in nature, one would 
expect the same temperature dependence for both the 
i?sH and the Drude resistance i?D- We have measured 
the temperature dependence of Rd and i?sH for temper- 
atures from 10 K up to 290 K and plotted both _RsH and 
Rsk/Rb in Fig. 3. Rsk/Rb has a strong temperature 
dependence which proves that the non-local resistance is 
not related to the current flux "leakage" . 

Currently, the mechanism behind the SHE in Pt is not 
well understood. However the general consensus is that 
the SHE mechanism is similar to the anomalous Hall ef- 
fect (AHE) . Onoda et al. integrated the various intrinsic 
and extrinsic mechanisms in AHE into a unified theoret- 
ical framework [18], where it was shown that the dom- 
inant effect is the extrinsic skew scattering in the clean 
limit. We performed an energy-dispersive X-ray analysis 
and secondary ion mass analysis and concluded that the 
impurities concentration in our film is less than 1 ppm. 
In the extrinsic SHE mechanism, the spin Hall resistivity 
is related to the conventional resistivity by pxy = ^Pxxi 
where A is a constant. If n = 1, then the effect is at- 
tributed to the skew-scattering mechanism [19] whereas 
if n = 2, the effect is attributed to the side-jump mech- 
anism [20]. We plotted the log- log graph of i?sH as a 
function of i?D in the inset in Fig. 3. The slope of the 
fitted line is 1.2, which suggests that skew-scattering is 
indeed the dominant source for SHE in Pt. 

A recent experiment by Mihajlovic et al. [17], who 
studied the non-local resistance in Au based on a similar 
non-local geometry, reported a negative non-local resis- 
tance below 80 K. They concluded that this surprising 



1.6 
1.5 
1.4 
G 1-3 
1.2 

^ 1.1 

1.0 
0.9 
0.8 



0.15- 
0.10 
"50.05- 

s 

— ' -0.05- 
-0.10- 

1.20 1.25 1.30 1.35 1.40 , 



Lg[Rni 



r5.5 




-5.4 




5.3 




-5.2 




-5.1 




-5.0 




-4.9 





50 100 150 200 250 300 
T(K) 

FIG. 3: (color online) Experimental results of the spin Hall 
resistance i?BH (•) and the ratio Rbh/Rd (a) as a func- 
tion of temperature, where 7?d is the Drude resistance and 
L = 115 nm. The temperature dependence of the ratio is a 
signature of the SHE. Inset: The slope of TisH against Ro 
in log-log scale is 1.2, which suggests that the extrinsic skew 
scattering is the dominant mechanism in Pt. The error bars 
are in most cases smaller than the symbol, and hence they 
are not represented in the graphs. 



result is due to the combined effect of a positive con- 
tribution Rc from current flux leakage and a negative 
contribution i?b from the ballistic transport of electrons 
at the side arm, and is not attributed to the positive SHE 
contribution i?sH • A simple comparison between their Au 
results and our Pt measurements (with similar geometry 
at room temperature) revealed that our i? is a factor of 
10'^ larger. The large discrepancy in the two numbers 
indicate that the underlying mechanisms in Au and Pt 
are likely to be different. 

We claim that our observation is related to the SHE. 
We measured one Pt and one Au sample with identi- 
cal dimensions and temperature to highlight the different 
mechanisms between the two metals. The non-local re- 
sistance R = RsH + Rc — Rh can be considered to be made 
up of these three components. We use a counterexample 
by assuming that i?sH is negligible or non-existent in Pt. 
As shown in the main plot of Fig. 4, our measurement 
of R in Pt at 100 K is 20 times larger than in Au. Fol- 
lowing the previous equation and putting Rsu = 0, this 
means that either Rc is significantly larger in Pt, or i?b 
is significantly smaller. In the inset of Fig. 4, we mea- 
sured the ohmic voltage and showed that the resistivities 
of the two films are almost identical. The large differ- 
ence in the non-local resistance between Au and Pt is not 
proportional to the difference in their Drude resistance, 
and thus our observation could not be explained by the 
current fiux "leakage" Rc- In contrast to the Au exper- 
iments in Ref. [17] which reported a negative non-local 
resistance below 80 K, our non-local resistance measure- 
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FIG. 4: (color online) Experimental results for the spin Hall 
voltage VsH against applied current ly for Au and Pt where 
L = 190 nm at 100 K. The two slopes differ by a factor of 
about 20, which signals a large spin Hall conductivity axy 
in Pt. Inset: We infer from the ohmic resistance of Au and 
Pt measured by conventional four-point-probe measurements 
that the resistivities of the two films are nearly identical. 60 
readings were recorded for each incremental steps in the ap- 
plied current ly for both graphs. 

mcnts for Pt remains positive for temperature as low as 
10 K (see Fig. 3). Thus we also excluded the ballistic 
contribution i?b in Pt as an explanation for our large R 
values. As neither Rc nor i?b could account for our obser- 
vations, the possible explanation left is that the i?sH term 
is the dominating contributor in the observed R values. 
We also do not observe any significant spin Hall signal 
from repeated measurements in Au samples with differ- 
ent L. Thus, we conclude that the SHC in Pt is larger 
than in Au and that our findings are consistent with the 
conclusions reached in Ref. [17]. 

In summary, we have measured the spin Hall conduc- 
tivity axy in Pt with a "double H" shaped non-local ge- 
ometry. Our measurements are purely electrical. The 
device makes no use of a magnetic field or ferromagnetic 
materials and thus avoids the complications of spin inter- 
action with stray magnetic field. We found a giant spin 
Hall conductivity from 10 K up to 290 K — larger by 
two orders of magnitudes than previously reported val- 
ues. Although it is difficult to isolate the spin Hall effect 
from the other contributions, we showed that the dom- 
inant contribution to the measured voltage is the spin 
Hall resistance i?sH- Most remarkably, the spin Hall ef- 
fect in Pt is large even at room temperature and remains 
one of the most promising ways for producing large spin 
polarization for spintronics applications. 
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Note added — After our manuscript was submitted, 
an independent experimental observation of the SHE in 
HgTe based on the same "H" geometry has been reported 
[21]. We point out that their results are consistent with 
our observations in Pt. 
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